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(57) ABSTRACT 

Many programming languages utilize reference pointers in 
computer code. Furthermore, Some of these programming 
languages perform memory management in the form of 
garbage collection. Once Such language is Java. During the 
execution of a garbage collection routine, the computer may 
need to locate all the variables containing reference values. 
The present invention introduces a method for run-time 
tracking of object references in computer code and deter 
mining which variables contain references to objects at 
garbage collection sites. The method of the present invention 
first creates a bit vector in memory. The bit vector is then 
initialized. Second, each variable declared in the computer 
program that may be used to Store a reference value is 
assigned a unique bit within this bit vector. Each bit is 
maintained to indicate whether the variable it is assigned to 
is currently storing a reference value. Specifically, when a 
variable is assigned a reference value, the corresponding bit 
in the bit vector is set. When a variable is assigned a 
non-reference value, the corresponding bit in the bit vector 
is cleared. 
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METHOD OF RUN-TIME TRACKING OF 
OBJECT REFERENCES IN JAVA PROGRAMS 

This application is a continuation of prior U.S. patent 
application Ser. No. 09/087,129, entitled METHOD OF 
RUN-TIME TRACKING OF OBJECT REFERENCES IN 
JAVA PROGRAMS, filed May 29, 1998, and issued as U.S. 
Pat. No. 6,093,216. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to the field of computer software 
optimization. More particularly, the present invention relates 
to a method for run-time tracking of object references in 
computer code. 

2. History of the Prior Art 
Computer programs are generally created as Source code. 

The Source code is then compiled into object code for 
execution. Programs generally exist as compiled object code 
in computer Systems. The compiled code is usually designed 
to operate on only one particular operating System or on only 
one particular computer processor architecture. In order to 
use a certain program on Several different computer 
architectures, the original Source code must be compiled into 
object code for each different operating System and each 
different computer processor architecture. 

In recent years, the popularization of the World Wide Web 
has created a problem for Software developerS trying to build 
Software for networked consumer devices. Millions of 
people around the World are Surfing the Internet and brows 
ing web pages with their computers. However, not all of the 
computers are of the same type. For instance, a person may 
be using a Macintosh, a PC, or a UNIX machine. Computer 
programs need to be designed to Support multiple host 
architectures and to allow Secure delivery of its Software 
components. As a result, Sun MicroSystems, Inc., introduced 
Java, a general purpose concurrent object oriented program 
ming language. Java was designed Such that Java code could 
Survive transport acroSS networks, operate on any client, and 
assure the client that it was Safe to run. 

Java is a strongly typed programming language. A pro 
gram is created by compiling Source code written in Java's 
well defined format into Java bytecodes. Compilation nor 
mally consists of translating Java programs into a machine 
independent bytecode representation. Bytecodes are 
executed by a runtime interpreter residing on the client 
computer. Run time activities include loading and linking 
the classes needed to execute a program, optional machine 
code generation and dynamic optimization of the program, 
and actual program execution. 

Java bytecodes are designed to execute on a Java Virtual 
Machine. The Java Virtual Machine is an abstract computing 
machine that has an instruction Set and uses various memory 
areas. A Java Virtual Machine is not an actual hardware 
platform, but rather a low level software emulator that can 
be implemented on many different computer processor 
architectures and under many different operating Systems. 
The Java Virtual Machine reads and interprets each bytecode 
So that the instructions may be executed by the native 
microprocessor. Hence a compiled Java bytecode is capable 
of functioning on any platform that has a Java Virtual 
Machine implementation available. However, bytecode 
interpretation detracts from processor performance Since the 
microprocessor has to spend Some of its processing time 
interpreting bytecode instructions. “Just in Time” (JIT) 
compilers were introduced to improve the performance of 
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Java Virtual Machines. AJIT compiler translates Java byte 
codes into the processor's native machine code during 
runtime. The processor then executes the compiled native 
code like any other native program. Such compiled Java 
programs execute much faster than Java programs that are 
executed using a Java interpreter. 

Java was derived from the C++ programming language. 
Java includes Some other important features from garbage 
collected languages (e.g., Smalltalk and LISP)-including 
automatic memory Storage management. Garbage collected 
languages, Such as Java, allow the System (garbage 
collector) to take over the burden of memory management 
from the programmer. When a program runs low on heap 
Space, the garbage collector (GC) determines the set of 
objects that that program may still access. This set of objects 
are known as live objects. The Space used by objects that 
will no longer be accessed (“dead objects”) is freed by the 
garbage collector for future use. 

There are many algorithms for performing garbage col 
lection. One type of garbage collection is called conservative 
garbage collection. In conservative garbage collection, the 
garbage collector Searches for a set of live objects, but does 
not move the objects it finds. The set of live objects (root set) 
includes live objects that exist in global variables, in 
registers, and on the runtime Stack. The GC simply marks 
the objects as live without checking whether the objects are 
references. Another type of garbage collection is precise 
garbage collection. In precise garbage collection, the root Set 
must all contain reference values or be initialized, or else 
memory errors will result. This is because precise garbage 
collection compacts the memory Space by moving all the 
objects it finds to another memory region. The values in the 
root set must contain reference values since the garbage 
collector copies and moves the objects pointed to by refer 
ences. If a value is mistakenly considered a reference value 
when it is not, a wrong piece of data will be moved and 
program errors may occur. 

SUMMARY OF THE INVENTION 

The present invention introduces a method for run-time 
tracking of object references in computer code. The method 
of the present invention first creates a bit vector in memory. 
The bit vector is then initialized. Second, each variable 
declared in the computer program that may be used to Store 
a reference value is assigned a unique bit within this bit 
vector. Each bit is maintained to indicate whether the 
variable it is assigned to is currently storing a reference 
value. Specifically, when a variable is assigned a reference 
value, the corresponding bit in the bit vector is set. When a 
variable is assigned a non-reference value, the correspond 
ing bit in the bit vector is cleared. 

Other objects, features, and advantages of the present 
invention will be apparent from the accompanying drawings 
and from the detailed description that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example 
and not limitations in the figures of the accompanying 
drawings in which like references indicate Similar elements, 
and in which: 

FIG. 1 is a block diagram illustrating a computer System 
which may utilize the present invention. 

FIG. 2a illustrates the list of steps in downloading and 
running a Java program in a Java Virtual Machine with an 
interpreter. 
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FIG. 2b illustrates a flow diagram that lists the steps of 
downloading, compiling, and running a Java program in a 
Java Virtual Machine that compiles the code before execu 
tion. 

FIG. 3 illustrates a block diagram of a Java Virtual 
Machine on a client computer System. 

FIG. 4a is a block diagram illustrating the use of memory 
Space in a computer System in one embodiment of the 
present invention. 

FIG. 4b is a block diagram illustrating the use of a bit 
vector in one embodiment of the present invention. 

FIG. 5a is a flow chart illustrating one embodiment of the 
present invention used during the Steps of computer code 
compilation. 

FIG. 5b is a flow chart illustrating one embodiment of the 
present invention during the Steps of program execution. 

FIG. 5c is a flow chart illustrating one embodiment of the 
present invention during the Steps of garbage collection. 

DETAILED DESCRIPTION 

A method for run-time tracking of object references in 
compiled computer code is disclosed. In the following 
description, for purposes of explanation, Specific nomencla 
ture is Set forth to provide a thorough understanding of the 
present invention. However, it will be apparent to one skilled 
in the art that these specific details are not required in order 
to practice the present invention. For example, the present 
invention has been described with reference to Java object 
oriented programming language. Although the following 
embodiments are described with reference to the Java pro 
gramming language, Java "Just-In-Time' (JIT) compilers, 
and garbage collection, other embodiments are applicable to 
other types of programming languages that use object ref 
erences or memory management. The same techniques and 
teachings of the present invention can easily be applied to 
other types of compiled object code. 
An intended advantage of one of more embodiments 

described below is the run-time tracking of object references 
in a program. Another intended advantage is the run-time 
determination of which variables contain references to 
objects at garbage collection Sites. Other intended advan 
tages of one or more embodiments may include elimination 
of fragmented memory and improvement of locality. 
A Computer System Application 

Referring now to FIG. 1, there is a block diagram illus 
trating a computer system 100 which may utilize the present 
invention. The system 100 includes a central processor 150 
which carries out the various instructions provided to the 
computer 100 for its operations. The central processor 150 
comprises of an execution unit 152, an instruction unit 154, 
cache memory 156, and general registers 158. The central 
processor 150 is joined to a bus 140 adapted to carry 
information to various components of the system 100. 
Joined to the bus 140 is main memory 110 which is typically 
constructed of dynamic random access memory arranged in 
a manner well known to those skilled in the prior art to Store 
information during a period in which power is provided to 
the system 100. Also joined to the bus 140 is read-only 
memory 130 which may include various memory devices 
well know to those skilled in the art each of which is adapted 
to retain a particular memory condition in the absence of 
power to the system 100. The read-only memory 130 
typically Stores various basic functions used by the proces 
Sor 150 Such as basic input/output processes and Startup 
processes typically referred to as BIOS processes. Also 
connected to the bus 140 long term memory 120. The 

15 

25 

35 

40 

45 

50 

55 

60 

65 

4 
construction and operation of long term memory 120, typi 
cally electro-mechanical hard disk drives, is well known to 
those skilled in the art. 
Running a Java Class File 
An example of running a Java program in a networked 

computer environment is provided with reference to FIG.2a 
and FIG. 3. FIG.2a illustrates the list of steps in download 
ing and running a Java program in a Java Virtual Machine 
with and interpreter. FIG. 3 illustrates a block diagram of the 
elements in a client computer System 300 equipped to 
interpret Java class files. The client computer system 300 
includes computer hardware 310 controlled by an operating 
system 320. The system 300 also includes a Java Virtual 
Machine implementation 330 for running Java class files 
390. The Java Virtual Machine 330 running on the client 
computer system 300 relies on services from the underlying 
operating system 320 and the computer hardware 310. 
Furthermore, the Java Virtual Machine 330 uses a Java 
Interpreter 331 to interpret Java class files 390. 

In a networked environment, a user has to first acceSS a 
computer Server through the network and download the 
desired Java class file 390 into a client computer system 300 
as stated in step 210 of FIG.2a. After the class file 390 has 
been downloaded, it is passed into the Java Virtual Machine 
330, which then verifies the downloaded class file at step 
215. Step 215 of verifying the class file is to ensure that the 
program will not cause Security violations nor will it cause 
harm to the computer System resources. After the Java class 
file has been verified, the interpreter 331 begins interpreting 
the Java byte codes of the class file. The Java program 
bytecodes are interpreted in step 220 so that the Java 
application can be executed. Since the bytecodes interpreted 
are generally non-native to the processor, the interpretation 
process tends to be slow. Hence, Java “Just-In-Time” (JIT) 
compilation was introduced to improve the performance of 
Java programs. 

FIGS. 2b and FIG. 3 are used to describe how a Java 
program can be compiled and then executed FIG. 2b illus 
trates a flow diagram that lists the Steps of downloading, 
compiling, and running a Java program in a Java Virtual 
Machine that compiles the code before execution. First, a 
user accesses a Java class file 390 on a computer network 
and downloads the class file to a local client computer 
system 300 as in step 250. Then at step 255, the Java Virtual 
Machine 330 verifies the downloaded class file. After the 
Java program has been verified, a Java “Just-In-Time” (JIT) 
compiler 333 compiles the Java class file and generates 
compiled Java code 340 in the form of native processor code 
at step 260. This compiled Java code 340 is then directly 
executed on the computer hardware 310 at step 265. Such 
compiled Java programs execute much faster than Java 
programs that are executed using a Java interpreter because 
the compiled code is native to the computer processor. In 
order to maintain the state of the Java Virtual Machine 330, 
the compiled Java code 340 makes calls 350 into the Java 
Virtual Machine. 
Using Run-Time Tracking of Object References 

FIG. 4a is a block diagram illustrating the use of memory 
Space in a computer System in one embodiment of the 
present invention. The memory space 400 in FIG. 4a com 
prises of a run-time stack 410, registers 450, static variables 
(462,468,472) and objects (460, 464,466,470) on the heap. 
The run-time stack 410 may further comprise of a plurality 
of activation frames (420, 430, 440) for various program 
functions and methods. These activation frames are used as 
working Space for functions and methods called during 
execution of the Java program. During program execution, 
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numerous objects or variables may be declared and used 
within the program. An object, also referred to as a cell or 
node, is a run-time notion; any object is an instance of a 
certain class, created at execution time and made of a 
number of fields. An object may be a dynamically created 
class instance or an array or an individually allocated piece 
of data. An object is assumed to be a contiguous array of 
bytes or words, divided into fields. A field may contain a 
pointer or a non-pointer value. 

Reference values (often just references) are pointers to 
these objects and a Special null reference, which refers to no 
object. However, reference values do not point to primitives 
or non-reference values. An object is created in the Java 
heap, and is garbage collected after there are no more 
references to it. However, there may be many references to 
the same object. A variable is a storage location and may be 
of a primitive type or reference type. A variable always 
contains a value that is assignment compatible with its type. 
A variable of a primitive type always holds a value of that 
exact primitive type. The primitive types are the boolean 
type and the numeric types. A primitive type may hold a 
primitive value Such as boolean, byte, short, int, long, and 
float. A variable of reference type can hold either a null 
reference or a reference to any object whose class is assign 
ment compatible with the type of the variable. The reference 
types are class types, interface types, and array types. There 
is also a special null type. 

Objects may be stored in memory locations within the 
heap memory. Some program variables may be declared as 
global (or static) variables (462, 468, 472). Objects may 
contain non-reference values (or primitive values) Such as 
integers, floating point values, doubles, and long integers. 
Objects may also contain reference values (pointers) that 
point or refer to other variables or objects. In FIG. 4a, there 
are a few variables containing reference values. Variable 428 
in stack frame 420 refers to object 464. Meanwhile, variable 
426 contains a null reference. Variables in a register 450 or 
a static variable (462, 472) may also contain reference 
values. For instance, static variable 462 points to object 424. 
Then reference value in static variable 472 refers to object 
460, which contains a reference value and is in turn referring 
to an object 422. The reference value in register 454 points 
to an object in variable 466. Variable 468 may be a static 
variable of type primitive created in the heap. 

FIGS. 5a, 5b, and 5c are used to illustrate how one 
embodiment of the present invention may be used during the 
compilation and execution of a Java program. FIG. 5a is a 
flow chart illustrating one embodiment of the present inven 
tion used during the Steps of computer code compilation. 
FIG. 5b is a flow chart illustrating one embodiment of the 
present invention during the Steps of program execution. 
FIG. 5c is a flow chart illustrating one embodiment of the 
present invention during the Steps of garbage collection. The 
present embodiment of the invention uses dynamic tagging 
in a JIT compiler. However, dynamic tagging may also be 
used in an interpreter in another embodiment of the present 
invention. 

FIG. 5a shows some of the steps taken by the JIT compiler 
during compilation of computer code. In step 505, the 
compiler first scans the Java class file. Then at step 510, the 
JIT compiler allocates memory Space for the program. The 
memory Space is used for program execution and for Storing 
objects declared in the code. Objects may be assigned space 
on the heap, runtime Stack, cache, or physical machine 
registers. The JIT compiler knows when objects are assigned 
and become references. Objects may be used to Store vari 
ables of types Such as integer, character, float, and double. 
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However, Java bytecodes have “ambiguous types” where the 
Same variable may hold reference and non-reference values 
at different times during the execution of the method. A 
method is essentially a function or procedure in the program. 
The present invention performs dynamic tagging by main 

taining a bit vector that is dynamically updated on every 
write to an ambiguously-typed variable. FIG. 4b is a block 
diagram illustrating the use of a bit vector in one embodi 
ment of the present invention. In FIG. 4b, the bit array 
shown contains room for bits indicating the State of five 
variables-Variables 0 through 5. In the present 
embodiment, a bit is Set when the corresponding variable 
contains a reference type. For instance, in FIG. 4b, Variables 
0, 1, and 3 have bits set. But when the corresponding 
variable does not contain a reference type, then the bit is 
cleared, as in the case of Variables 2 and 4. A bit vector is 
created for all the objects in the method at step 515 of FIG. 
5a. During compile time, the JIT compiler reserves memory 
space for this bit vector. In the present embodiment, the bit 
vector is Stored in the activation frame. In another 
embodiment, the bit vector may also be stored in a methods 
local Stack frame or elsewhere in the memory Space. By 
creating an array of bits to Store the tags instead of using a 
bit within the variable's 32-bit word, integer arithmetic 
precision is preserved. This is important because the Seman 
tics of Java clearly State that all integer arithmetic is on full 
32 bit integer values. To improve performance in accessing 
the bit vector, the bit vector may be stored in registers. At 
step 520, the compiler checks to see if a variable will ever 
be assigned a reference value. If the variable may store a 
reference type, then it is assigned a unique bit in the bit 
vector at step 525. The JIT compiler also inserts an instruc 
tion that will set that variable's corresponding bit in the bit 
vector if the variable may store a reference type. But if the 
variable will not contain a reference type, then the JIT 
compiler will insert after assignment the variable, an instruc 
tion that clears the corresponding bit in the bit vector. In the 
present embodiment, the values of all bits within the bit 
vector are initialized at the beginning of the method during 
program execution time. 

FIG. 5b shows Some of the Steps taken during program 
execution in making assignments to variables. A JIT com 
piler runs as part of the application. During execution of a 
Java program, a runtime Stack is created and new assign 
ments may be made to a variable as in step 540. As noted 
above, the JIT checked variable V at compile time to see if 
the variable would contain a reference value and inserted 
either a “set' or “clear” instruction after the assignment. 
During runtime, memory Space is allocated for the bit vector 
from the runtime stack and the bits in the bit vector are either 
set or cleared at the entry to a method. Each time variable V 
is assigned, the JIT will See the earlier inserted instruction to 
either set or clear the variable's corresponding bit in the bit 
vector. If the variable is assigned a reference value, the 
instruction following the assignment would be a “set and 
the corresponding bit for V is set at step 555. And each time 
V is assigned a non-reference value, the instruction follow 
ing the assignment would be a “clear” and the corresponding 
bit for V is cleared at step 550. 

The tags in the bit vector are used at garbage collection 
time to decide which variables actually hold valid refer 
ences. The garbage collector (GC) needs to discover which 
variables contain reference values and compute the root Set. 
The root set includes live objects that exist in global 
variables, in registers, and on the runtime Stack. The garbage 
collector first computes the root Set by checking for live 
objects in the Set of references located in global variables, in 
registers, and on the runtime Stack. The GC then locates all 
the references that can be reached from the root set by 
traversing the graph of reachable objects. Some GC algo 
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rithms (conservative GC) just check objects to see if it is live 
and marks it accordingly. Other GC algorithms (precise GC) 
move live objects to a new place in memory to eliminate 
fragmentation and improve locality. In order to Support GC 
algorithms that move live objects, the root Set must be 
precise; that is, the root Set must contain only references to 
objects. 

Computing the root Set accurately requires the coopera 
tion of the compiler. Only the compiler is capable of 
precisely locating references held by local variables and 
temporaries, both of which can be assigned to Stack loca 
tions or registers. AS for global variables, the garbage 
collector can keep track of the Java classes that have been 
loaded and determine whether the set of global variables 
contain reference values without Support from the compiler. 
The compiler can keep track of Java.operand Stack locations 
that contain references by Statically computing a type bit 
vector for each GC site, using a simple and fast depth-first 
traversal of the Java bytecodes. The bit vector marks those 
Stack locations that contain references at the GC site. 
However, Java programs may contain variables of “ambigu 
ous types'. A variable of “ambiguous type' may contain 
reference and non-reference values at different times during 
the execution of the method. Therefore, Statically computing 
the Set of variables containing references at garbage collec 
tion sites in Java is not trivial. During garbage collection, a 
Java JIT must be able to distinguish between variables 
containing references and those that do not without any 
ambiguity. 

FIG. 5c is a flow chart illustrating one embodiment of the 
present invention during the Steps of garbage collection. 
During garbage collection, the program is Stopped. The GC 
checks trees, pointers, and references to find reachable 
objects. A root Set of initial reachable objects is constructed. 
The root set may include a set of pointers to objects in 
registers or on the runtime stack. The GC would then 
traverse the graph of reachable objects Starting from the root 
set. The present invention allows the GC to know which 
variables contain reference values and easily find the root 
set. At step 580, the garbage collector inspects the bit vector. 
If the GC finds set bits at step 582, the garbage collector 
looks at the variable mapping from the compiler to deter 
mine which variable the particular bit is assigned and where 
the variable is located as in step 585. Once all the set bits are 
checked, the GC continues the garbage collection routine at 
step 590. If the GC does not find any set bits in the bit vector, 
then the garbage collector knows that none of the local 
variables contain valid reference values and continues its 
routine as in step 590. 

In the foregoing Specification, the invention has been 
described with reference to Specific exemplary embodiments 
thereof. It will, however, be evident that various modifica 
tions and changes may be made thereto without departing 
from the broader spirit and scope of the invention as set forth 
in the appended claims. The Specification and drawings are 
accordingly to be regarded as illustrative than a restrictive 
SCSC. 

What is claimed is: 
1. A method of run-time tracking of object references in 

computer code comprising: 
assigning a bit within a bit vector for an ambiguously 

typed variable; and 
maintaining Said bit dynamically during code execution to 

indicate whether Said variable is assigned a reference 
value. 

2. The method of claim 1 further comprising Scanning 
Said bit vector to determine if any ambiguously typed 
variables contain reference values. 

3. The method of claim 1 further comprising freeing Space 
used by dead objects. 
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4. The method of claim 1 further comprising initializing 

said bit vector. 
5. The method of claim 4 wherein initializing comprises 

Setting a corresponding bit in Said bit vector for a variable 
containing a reference value. 

6. The method of claim 4 wherein initializing comprises 
clearing a corresponding bit in Said bit vector for a variable 
containing a non-reference value. 

7. The method of claim 1 wherein maintaining said bit to 
indicate whether Said variable is assigned a reference value 
comprises Setting Said bit when Said variable is assigned a 
reference value. 

8. The method of claim 1 wherein maintaining said bit to 
indicate whether Said variable is assigned a reference value 
comprises clearing Said bit when Said variable is assigned a 
non-reference value. 

9. The method of claim 1 further comprising computing a 
set of live objects. 

10. The method of claim 9 wherein computing a set of live 
object comprises: 

examining global variables, registers, and a run-time 
Stack, and 

locating all references that can be reached from Said Set of 
live objects. 

11. The method of claim 10 wherein locating all refer 
ences comprises traversing a graph of reachable objects. 

12. A method of garbage collection comprising: 
maintaining a bit dynamically within a bit vector to 

indicate whether an ambiguously typed variable is 
assigned a reference value; 

Scanning Said bit vector to determine if Said variable 
contains a reference value; and 

including Said variable in a root Set if Said variable 
contains a reference value. 

13. The method of claim 12 further comprising traversing 
Said root Set to find reachable objects in a first memory 
region. 

14. The method of claim 12 further comprising reclaiming 
Space occupied by dead objects. 

15. The method of claim 12 further comprising allocating 
Space in a Second memory region for reachable objects. 

16. The method of claim 15 further comprising copying 
contents of reachable objects to Said Second memory region. 

17. The method of claim 16 further comprising updating 
memory references pointing to reachable objects in Said first 
memory region to refer to reachable objects in Said Second 
memory region. 

18. A computer readable medium having embodied 
thereon a computer program, the computer program being 
executable by a machine to perform a method of run-time 
tracking of object references in computer code comprising: 

assigning a bit within a bit vector for an ambiguously 
typed variable; and 

maintaining Said bit dynamically during code execution to 
indicate whether Said variable is assigned a reference 
value. 

19. The method of claim 18 further comprising: 
creating a root Set, 
traversing Said root Set to find reachable objects in a first 
memory region; and 

freeing memory space occupied by dead objects. 
20. The method of claim 19 wherein creating a root set 

comprises Scanning Said bit vector to determine which 
ambiguously typed variables contain reference values and 
including Said variables containing reference values into 
Said root Set. 


